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Abstract: Effects from a finite top quark mass on the H+n-jet coss section through gluon
fusion are studied for n = 0/n ≥ 1 at NNLO/NLO QCD. For this purpose, sub-leading
terms in 1/mt are calculated. We show that the asymptotic expansion of the jet-vetoed
cross section at NNLO is very well behaved and that the heavy-top approximation is valid
at the five permille level up to jet-veto cuts of 300 GeV. For the inclusive Higgs+jet rate, we
introduce a matching procedure that allows for a reliable prediction of the top-mass effects
using the expansion in 1/mt. The quality of the effective field theory to evaluate differential
K-factors for the distribution of the hardest jet is found to be better than 1–2% as long as
the transverse momentum of the jet is integrated out or remains below about 150 GeV.
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1 Introduction
The discovery of a scalar particle [1, 2] whose properties are compatible with the parti-
cle causing the electro-weak symmetry breaking predicted by the Standard Model (SM),
i. e. the Higgs boson, was the first observation of a new elementary particle at the Large
Hadron Collider (LHC). Initially, the discovery was based on the combination of various
experimental search channels. By now, sufficient significance has been reached to claim an
observation alone in the two channels H → γγ [3, 4] and H → ZZ∗ → 4l [3, 5]. Some of
the experimental signatures rely heavily on the analysis of particular phase-space regions
of the final state particles to reduce the contamination from the background processes. In
particular, in the search for H →WW ∗ → lνlν [6, 7] the huge QCD background is reduced
using a veto cut (pjetT < p
jet
T,veto) on jets with a large transverse momentum (pT ). The
so-called jet-vetoed cross section is used to lower specifically the tt¯ and tW background,
where the top quark mainly decays to high-pT bottom quarks.
In the SM, Higgs production proceeds predominantly through gluon fusion.1 The jet-
vetoed cross section in that case has been known up to NNLO for a while [11]. The residual
uncertainties associated with this observable have been subject to recent discussion [12],
1The gluon fusion process has been studied in great detail over the past years, see refs. [8–10] and
references therein.
– 1 –
J
H
E
P
1
1
(
2
0
1
4
)
1
5
0
where the resummation of logarithms in pjetT,veto finally allowed to control these uncertain-
ties [13–20]. Another uncertainty, which is very specific to hadronic Higgs production
through gluon fusion, is induced by employing an effective theory approach, where the
top quark is assumed to be infinitely heavy, to determine higher order corrections to the
jet-vetoed rate. Recently, the full top- (mt) and bottom-mass (mb) dependence at NLO
has been added to the resummed NNLO+NNLL jet-veto efficiencies [21].2 At NNLO, finite
top-mass effects have been studied in case of the total cross section [25–27] so far, which
have been found to be below ∼ 1% [28–32] using an expansion in 1/mt in combination
with a matching to the exact result in the limit of large partonic center of mass energies.
Differential studies on the validity of the effective field theory approach at this order in the
strong coupling constant (αs) have been considered only for Higgs quantities [33], but not
for jet observables.3 They were found to be below 3% as long as the transverse momentum
of the Higgs is integrated out or is below ∼ 150 GeV.
The goal of this paper is to validate the heavy-top approximation for the Higgs produc-
tion cross section with a jet-veto at NNLO. For this purpose, we determine the expansion
with respect to 1/mkt , where the leading term of this series (k = 0) corresponds to the
effective field theory. Additionally, we take into account the first and second non-trivial
sub-leading term in the 1/mkt expansion (k = 2/4). We supplement our analysis by further
jet-related quantities at NLO such as the inclusive one-jet rate and kinematical distribu-
tions of the hardest jet. For the jet-vetoed rate, we find that finite top-quark effects for
realistic experimental values of the jet-veto cut (pjetT,veto ∼ 30 GeV) are numerically negli-
gible (about five permille). Even for jet-veto cuts up to 600 GeV they remain below two
percent. Therefore, we conclude that the use of the effective field theory approach for the
jet-vetoed rate is fully justified.
This paper is organized as follows: in section 2, we define the jet-vetoed cross section
and set-up the main ingredients of our calculation. Section 3 contains our results, including
our default choices of the input parameters, some considerations at lower order and our
analysis of finite top-mass effects on the Higgs+n-jet cross section for n = 0/n ≥ 1 at
NNLO/NLO as well as the NLO pT and rapidity (y) distribution of the hardest jet. We
conclude in section 4.
2 Outline of the calculation
Considering the jet-vetoed (or 0-jet) rate for Higgs production through gluon fusion at
NNLO, various contributions have to be taken into account. At LO, the cross section is
identical to the total rate, since the only partonic process gg → H has no final state jets,4
see figure 1 (a). Figure 1 (b) and (c) show two representative purely virtual diagrams to
gg → H entering at NLO and NNLO, respectively. The partonic processes gg → Hg,
2Similarly, the full top- and bottom-mass effects on the pT spectrum of the Higgs at NLO+NLL have
been considered in refs. [22–24].
3Further results are only available at leading order (LO) in perturbation theory, for Higgs+n-jet pro-
duction with n = 0, 1, 2 [34–37].
4Since we do not include any parton showering or hadronization, “jet” denotes a cluster of the outgoing
partons throughout this paper.
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(a) (b) (c)
Figure 1. A sample of Feynman diagrams contributing at pT = 0. (a) LO (one-loop); (b) NLO
(2-loop); (c) NNLO (3-loop). The graphical notation for the lines is: thick straight =ˆ top quark;
spiraled =ˆ gluon; dashed =ˆ Higgs boson.
(a) (b) (c)
(e) (f)
Figure 2. A sample of Feynman diagrams contributing at pT > 0. (a-c) single-real; (e-f) mixed
real-virtual. The graphical notation for the lines is: thick straight =ˆ top quark; thin straight =ˆ
light quark q ∈ {u, d, c, s, b}; spiraled =ˆ gluon; dashed =ˆ Higgs boson.
gq → Hq and qq¯ → Hg (q ∈ {u, d, s, c, b}) at one- and two-loop determine the single
real and mixed real-virtual contributions, see figure 2.5 Examples for double real emission
diagrams are shown in figure 3, the corresponding processes gg → ggH, gg → qq¯H, gq →
gqH, qq¯ → qq¯H, qq¯ → ggH, qq → qqH, qq′ → qq′H and q¯q′ → q¯q′H (q′ 6= q) enter
the calculation of the jet-vetoed cross section at NNLO. It is understood that the charge
conjugated processes must be included as well.
The most complicated Feynman diagrams are of the two-loop box-type and three-loop-
triangle-type with massless and massive (mass mt) internal and one massive external line
(mass mH),
6 see figures 2 (e) and figures 1 (c), for example. Although not out of reach,
the complexity of the corresponding integrals is too high for an efficient numerical evalu-
ation. Thus, the NNLO corrections are known only in the effective theory approach with
5Note that already the LO process is loop-induced. Thus, the single real emission diagrams contain one
loop as well.
6mH denotes the mass of the Higgs.
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(a) (b) (c) (d)
Figure 3. Same as figure 2 but double real emission diagrams.
an infinitely heavy top quark (heavy-top limit). Deploying this approximation the corre-
sponding Feynman diagrams simplify to one and two-loop level without internal masses
and with an effective Higgs-gluon vertex, multiplied by a Wilson coefficient which can be
evaluated perturbatively [38–42].
In this paper, we go beyond the heavy-top approximation and study the effects of a
finite top-quark mass on the jet-vetoed rate. Therefore, we consider the expansion of the
cross section with respect to 1/mt, whose leading term is given by the effective theory
approach. We use the amplitudes which were calculated in ref. [28] by applying automated
asymptotic expansions [43–45].
In practice, we obtain the jet-vetoed Higgs cross section by removing all jet contribu-
tions σ≥1-jet from the total rate σtot. At NNLO this reads
σNNLOveto ≡ σNNLO0-jet = σNNLOtot − σNLO
′
≥1-jet , (2.1)
where we use the prime-notation of ref. [46] to distinguish σNLO
′
≥1-jet calculated with NNLO
parton density functions (PDFs) from the proper NLO quantity. For the total rate we
deploy the program ggh@nnlo [25, 28, 30, 47] including the asymptotic expansion of the
amplitudes in 1/mt
k up to k = 6.7 The calculation of the one-jet inclusive cross section
σ≥1-jet was carried out using the program described in ref. [33], where we implemented the
anti-kT jet-algorithm [48] to identify QCD jets.
8 Furthermore, we extended its capabilities
to include sub-leading top-mass effects up to 1/m4t . Of course, our setup allows to calculate
the exclusive Higgs+n-jet rates for n = 1 and n = 2 as well, where we work at NLO and
LO accuracy, respectively.
A number of checks have been performed on our results. While the pT distribution
of the Higgs in the heavy-top limit was checked [33] against the fixed order part of the
program HqT [49–51], we used the program HNNLO [24, 52, 53] for a numerical comparison
of the jet-vetoed rate. The agreement was found to be better than one percent. At each
order in the 1/mt expansion, we explicitly verified the independence of the 0-jet rate with
respect to the so-called α-parameter [54, 55], which allows to restrict the phase space of
the Catani-Seymour dipoles [56]. The asymptotic expansion of the amplitudes as well as
the program ggh@nnlo have been validated previously by the agreement of the inclusive
cross section between refs. [28] and [31].
7We would like to thank Robert Harlander for providing a private version of his code.
8Since at most two jets can occur in our calculation, the anti-kT leads to the same results as the kT and
the Cambridge-Aachen algorithm.
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As observed in refs. [30, 32, 33], the 1/mt expansion provides a rather unstable ap-
proximation for the purely quark-induced channels, particularly when no matching to the
exact result in the high-energy limit is applied. Therefore, these channels constitute a solid,
though rather minor limitation of the effective field theory, since their contribution is more
than two orders of magnitude smaller than the sum of all channels. We can therefore safely
disregard them from our considerations.
3 Results
3.1 Input parameters
We study finite top-mass effects on Higgs+n-jet cross sections for n = 0/n ≥ 1 in the gluon
fusion process at the LHC with 13 TeV center-of-mass energy. Our choice of the central
factorization and renormalization scale is µF = µR = mH , where, if not indicated otherwise
mH = 125.6 GeV. All numbers are produced with the MSTW2008 68%CL PDFs [57] which
implies that the numerical value for the strong coupling constant is taken as αs(mZ) =
0.13939 at LO, αs(mZ) = 0.12018 at NLO, and αs(mZ) = 0.11707 at NNLO. We set the
on-shell top quark mass to mt = 173.5 GeV.
Jets are defined using the anti-kT algorithm [48] with jet radius: R = 0.5. Unless
stated otherwise, a jet is required to have transverse momentum of pjetT > 30 GeV, while
we apply no cuts on the Higgs momentum.9
3.2 Notation
To deal with the additional expansion of the cross section with respect to 1/mt we introduce
the following notation: the truncation of the cross section is defined by[
dσX
]
1/mkt
, X ∈ {LO,NLO,NNLO}, k ∈ {0, 2, 4, . . .} (3.1)
where X denotes the order of perturbation theory and k the order at which the 1/mkt
expansion of the cross section is truncated. If the index 1/mkt and the brackets are absent,
it means that the cross section is not truncated and, consequently, dσX denotes the cross
section with exact top-mass dependence. Here and in what follows we imply that all cross
sections are reweighted by the exact top-mass dependence at LO:[
dσX
]
1/mkt
≡ [dσ¯X]
1/mkt
· σLO/ [σLO]
1/mkt
, (3.2)
where dσ¯ denotes the unweighted cross section and σLO the Born-level cross section
for gg → H.
In order to analyse the perturbative corrections to the cross section, we define
the K-factor
KXk (b) =
[
dσ¯X(b)
]
1/mkt
[dσ¯LO(b)]1/mkt
. (3.3)
9We checked that our results directly generalize to experimentally applied jet definitions for this process
which usually imply pjetT > 25-30 GeV and a rapidity cut [6, 7].
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Figure 4. Higgs+0-jet cross section at NLO including terms up to 1/mkt as a function of mH for
pjetT,veto = 30 GeV. Dotted/dashed/dash-dotted: k = 0/2/4. (a) absolute; (b) normalized to k = 0.
On the right hand side of this definition, it is understood that dσ(b) is integrated over
all kinematical variables except the set b, where we consider b = {pjetT,1} and b = {yjet1 }
(i. e., transverse momentum and rapidity distributions of the hardest jet). For example,
KNLO0 (p
H
T ) is the NLO K-factor in the heavy-top limit of the pT distribution of the Higgs
which has been found to be valid at the 2-3% level for pHT . 150 GeV [33].10 Using the
1/mt expansion, we will study whether this observation can be expected to carry over also
to jet quantities.
3.3 Lower order results
Figure 4(a) shows the NLO jet-vetoed cross section as a function of the Higgs mass. We
applied a veto of pjetT,veto = 30 GeV on the jet transverse momenta. At this order, the
exact dependence on the top-quark mass is known (solid curve).11 Comparing it to the
expansion of the cross section up to 1/mkt for k = 0 (dotted curve), k = 2 (dashed curve)
and k = 4 (dash-dotted curve), we can assess the quality of the 1/mt expansion. Clearly,
its convergence starts deteriorating once the Higgs mass exceeds the top-quark mass.
In general, the aim of our analysis is to obtain accurate predictions including mass
effects for the various jet observable considered in this paper and to use them to estimate
the mass corrections with respect to the effective field theory (EFT). The deviation of the
higher orders in the asymptotic expansion from the leading term indicates the validity
of the EFT to approximate the cross section in the full theory. For this purpose, we
normalize all curves to the 1/m0t approximation in figure 4(b). For small values of mH , the
mass effects are at the percent level. While the expansion up to 1/m2t remains extremely
close to the full result over the whole mass range, the 1/m4t corrections reduce the cross
section significantly towards larger values of mH . Assuming the exact cross section was
10Note that in appendix B we extend the analysis of the transverse momentum distribution in ref. [33]
by considering an additional term in the 1/mkt expansion (k = 4).
11To obtain the NLO total cross section with exact top-mass dependence we employed the code SusHi [58].
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Figure 5. Higgs+0-jet cross section at NLO including terms up to 1/mkt as a function of p
jet
T,veto.
Dotted/dashed/dash-dotted: k = 0/2/4. (a) absolute; (b) normalized to k = 0.
not known, which is the case at NNLO, we would therefore estimate the uncertainty of the
mass corrections on the EFT result to be below 5% for mH . 200 GeV. Fortunately, all
orders of the 1/mt expansion coincide to a very good accuracy at mH ' 125 GeV.
In figure 5(a), we study the top-mass corrections to the NLO cross section as a function
of the jet-veto cut for mH = 125.6 GeV. The horizontal lines denote the total inclusive cross
sections, which correspond to pjetT,veto →∞. The agreement between the curves is remark-
able. While the differences are at the permille-level for small jet-veto cuts, see figure 5(b),
they remain below 2.5% even at pjetT,veto = 600 GeV. Again, the asymptotic expansion leads
to a proper estimation of the mass effects, not underestimating the uncertainty induced by
the heavy-top approximation with respect to exact one. Therefore, the 1/mt terms can be
expected to yield a conservative validation of the EFT as well at NNLO.
The reason that the 1/mt expansion of the jet-vetoed rate is well behaved even beyond
the 2mt threshold is the phase-space suppression, which strongly reduces contributions
from hard jets. However, the 1/m4t term receives unjustified large contribution from p
jet
T &
400 GeV. In that region, σNLOveto , [σ
NLO
veto ]1/m0t as well as [σ
NLO
veto ]1/m2t develop a flat behavior,
which is expected from phase-space suppression, while [σNLOveto ]1/m4t grows almost linearly.
This reveals that the convergence of the amplitudes at 1/m4t in the large-pT tail is broken.
The previous observations are in direct analogy to the total cross section. In this case, the
bulk of the cross section originates from the region
√
s . 2mt, in which the asymptotic
expansion is well behaved [30]. Nevertheless, the 1/m4t term receives huge contributions
as
√
s 2mt [30], since the convergence of the amplitudes is spoiled at large energies. In
fact, looking at the total cross sections (horizontal lines) in figure 5(a), it is obvious that
the leading and first sub-leading term in the asymptotic expansion compare better to the
exact result than when including the 1/m4t terms.
12
Turning to the inclusive Higgs+jet cross section, where a cut pjetT > p
jet
T,min is applied,
which removes the bulk of the well behaved soft jets and, therefore, enhances the contri-
12Note that we applied no matching of the total inclusive cross section to the high-energy limit here which
will be discussed below.
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Figure 6. Inclusive Higgs+jet cross section at LO including terms up to 1/mkt as a function of
pjetT,min. Dotted/dashed/dash-dotted: k = 0/2/4. (a) unmatched; (b) matched according to eq. (3.5).
bution from the problematic large-pT region. Figure 6(a) compares the 1/m
k
t expansion
of the inclusive Higgs+jet rate at LO for k = 0/2/4 to the exact result. While already at
pjetT,min = 30 GeV the deviation between the curves relative to 1/m
0
t is quite large (∼ 27%),
convergence of the asymptotic expansion is completely lost at large values of pjetT,min. Thus,
we cannot use the ordinary 1/mt expansion to determine a sensible estimate of the mass
effects on the inclusive Higgs+jet rate.
However, the same problematic effects contribute to the total inclusive cross section
σtot, as we have seen before. In this case, a matching to the high-energy limit was performed
as described in ref. [30] to control the region
√
s > 2mt. Similarly, a matching of the
inclusive Higgs+jet cross section to the pT →∞ limit would temper unjustified effects from
high-pT jets. Let us assume this matched cross section was known and call it σ≥1-jet,matched.
Given the fact that the total cross section can be viewed as the integral over the pT
distribution and the asymptotic expansion in the small-pT region works almost perfectly,
the following relation should be valid up to a very good precision as long as pjetT,min remains
at moderate values:13[
σNLOtot,matched
]
mkt
− [σNLOtot, unmatched]mkt = [σLO′≥1-jet,matched]mkt −
[
σLO
′
≥1-jet, unmatched
]
mkt
, (3.4)
where the primed LO quantity is calculated with NLO parton distributions, as defined in
section 2. This equation allows us to determine the matched inclusive Higgs+jet cross
section by using LO PDFs for all quantities:[
σLO≥1-jet,matched
]
mkt
≡ [σLO≥1-jet, unmatched]mkt + [σNLO∗tot,matched]mkt −
[
σNLO
∗
tot, unmatched
]
mkt
, (3.5)
where we defined the starred NLO cross section to be evaluated with LO PDFs. Figure 6(b)
shows the matched cross section as defined in eq. (3.5). It is very impressive how close all
curves are to the exact result with respect to the unmatched case in figure 6(a).
13With “moderate values” we mean values at which the asymptotic expansion works well. The usual jet
definitions with pjetT,min ∼ 30 GeV are well within that region.
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In figure 7, the matched predictions of figure 6(b) are normalized to the unmatched
cross section in the heavy-top limit (dotted curve in figure 6(a)). Comparing first the
matched cross sections to the exact curve, their overall agreement is remarkable (. 5%
for pjetT,min ≤ 150 GeV). In that region, they are successively closer to the exact result,
as k increases. The deviation of the EFT result from the matched curves on the other
hand allows its validation at the 3 − 10% level for pjetT,veto ∈ [30, 100] GeV. Thus, with the
definition of the matched cross section we not only recovered the ability to validate the
heavy-top limit for the inclusive Higgs+jet rate, we also found a way to reliably predict
the cross section for moderate pminT . 100 GeV. This will prove useful at NLO, where the
exact result is not available.
There are cases in our analysis where the reliability of the 1/mt expansion appears to
be exceptionally good. This happens when the 1/m4t corrections become negligible and,
consequently, the expansions up to 1/m2t and up to 1/m
4
t almost coincide. We already
observed this twice: in figure 4(b) around mH = 125 GeV and in figure 7 for p
jet
T,veto .
90 GeV. In both cases, the dashed curve (contributions up to 1/m2t ) and the dash-dotted
curve (contributions up to 1/m4t ) are basically on top of each other and approximate the
exact result extremely well (< 1%).
Overall, our observations so far are encouraging to study the behavior of the 1/mt
expansion at higher orders to estimate the range of applicability of the heavy-top limit for
jet observables.
3.4 Jet-veto at NNLO
We are now ready to analyze the mass effects on the jet-vetoed rate at NNLO, which
is the central observable of our study. Figure 8(a) shows the truncation of the cross
section with a jet-veto at 1/mkt for k = 0 (dotted), k = 2 (dashed) and k = 4 (dash-
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Figure 8. Higgs+0-jet cross section at NNLO including terms up to 1/mkt as a function of p
jet
T,veto.
Dotted/dashed/dash-dotted: k = 0/2/4. (a) absolute; for reference, the horizontal lines display the
corresponding total cross sections in the three approximations; (b) normalized to k = 0.
dotted) as a function of the jet-veto cut. At small values of pjetT,veto, we observe an excellent
convergence of the asymptotic expansion, i. e. the cross section is almost independent of
the order of expansion in 1/mt. For example, the spread of the curves is about 0.5% at
pjetT,veto = 30 GeV, see figure 8(b), where all curves are normalized to the EFT (k = 0).
In fact, [σNNLOveto ]1/mkt
behaves even better with increasing k than the total inclusive cross
section, where a matching to the high-energy limit is required [30] to alleviate the unjustified
large effects from hard jets. These effects do not appear in case of the jet-vetoed cross
section. More precisely, they explicitly cancel between σNNLOtot and σ
NLO′
≥1-jet in eq. (2.1).
At larger values of the jet-veto cut, the deviation between the curves in figure 8 in-
creases. It stays remarkably small though (∼ 2% at pjetT,veto = 600 GeV). Thus, similarly to
what we found at NLO, the asymptotic expansion of the cross section is well behaved even
for a jet-veto cut beyond the 2mt threshold, because contributions from large-pT jets are
suppressed by phase-space.14
In a large number of beyond standard model (BSM) theories, additional scalar particles
are predicted, e. g. a second (heavier) CP-even Higgs boson. Therefore, we investigate the
quality of the mt → ∞ approximation for more general Higgs masses. Figure 9 shows
the 1/mkt expansion (k = 0/2/4) of the jet-vetoed NNLO cross section normalized to the
EFT result (k = 0) as a function of mH . Indeed, the effective field theory yields a valid
approximation at the one-percent level for mH . 150 GeV. At larger Higgs masses the top-
mass effects become sizable and the uncertainty induced by the heavy-top limit increases
to ∼ 6 (25)% at mH = 200 (300) GeV.
In summary, for a SM Higgs boson of mass 125.6 GeV it is fully justified to trust the
effective field theory approach to determine radiative corrections to the jet-vetoed cross
section at NNLO. It is advisable, though, to account for the full mass dependence at
LO through reweighting, as it is common practice and done in our analysis.15 Further-
14As we see in section 3.6, mass effects become important once the transverse momenta of the hardest
jet exceeds ∼ 150 GeV.
15In appendix A the mass effects on the corresponding cross section reweighted with the full NLO mass
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Figure 10. Inclusive Higgs+jet cross section at NLO including terms up to 1/mkt as a function of
pjetT,min. Dotted/dashed/dash-dotted: k = 0/2/4. (a) matched according to eq. (3.6); (b) unmatched.
more, our results should directly generalize to the resummed jet-vetoed cross section at
NNLO+NNLL [16] evaluated in the EFT, since the resummation of Sudakov logarithms
from soft-gluon emissions is predominantly described by process independent QCD effects.
3.5 Inclusive Higgs+jet rate at NLO
For the LO Higgs+jet cross section, the 1/mt expansion provides no proper approximation
of the top-mass effects, as we have seen in section 3.3. The reason for this are unjustified
large contributions from high-pT jets at higher orders in 1/mt. In order to obtain a reliable
dependence are studied. We find very similar results in this case.
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Figure 11. Same as figure 10(a), but normalized to the unmatched 1/m0t cross section (dotted
curve of figure 10(b)).
estimate of the mass effects on the LO Higgs+jet rate, we defined the matched cross section
in eq. (3.5). Moving to α4s, we encounter the same problems, which can be seen from the
dash-dotted curve (expansion up to 1/m4t ) in figure 8(a) at p
jet
T & 400 GeV, for example.
Consequently, not only the LO Higgs+jet cross section is affected, but also the NLO one.
This is why we define the matched inclusive Higgs+jet rate at NLO accordingly:[
σNLO≥1-jet,matched
]
mkt
≡ [σNLO≥1-jet, unmatched]mkt + [σNNLO∗tot,matched]mkt −
[
σNNLO
∗
tot, unmatched
]
mkt
, (3.6)
where the starred NNLO cross section is calculated with NLO PDFs.
The matched cross section expanded up to different orders in 1/mkt is shown in fig-
ure 10(a) (k = 0/2/4). All three curves are very close, extending the validity of the
asymptotic expansion to significantly larger values of pjetT,min than in the unmatched case,
see figure 10(b). Figure 11 shows the improved matched predictions of figure 10(a) normal-
ized to the unmatched cross section in the heavy-top limit (dotted curve of figure 10(b)).
The 1/m4t term yields a very small correction for p
jet
T,min ∈ [30, 100] GeV. In this case, we
trust the dashed (expansion up to 1/m2t ) and dashed-dotted curve (expansion up to 1/m
4
t )
to approximate the exact mass effects to better than one percent. Therefore, as long as
the minimum jet-pT cut remains at moderate values (p
jet
T,min . 100 GeV) the definition
of the matched cross section in eq. (3.5) and eq. (3.6) allows us to determine a reliable
prediction of the inclusive Higgs+jet rate at LO and NLO, respectively. Furthermore, com-
paring the matched curve at 1/m4t to the unmatched EFT result, we validate the heavy-top
approximation at the level of 1-2% for pjetT,min ≤ 100 GeV.
This result shows that the EFT, in fact, works better in the problematic high-pT region
than the corresponding sub-leading 1/mt terms, which are far apart in the unmatched case,
see figure 10(b). This is very similar to what was found for the total cross section [30],
where it was argued that in the heavy-top limit (k = 0) problematic terms (
√
s/mt)
k vanish,
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which spoil the convergence of the asymptotic expansion (k > 0) in the high-energy region.
Also in this case the matching to the high-energy limit revealed that the unmatched EFT
result is valid at the percent level.
However, at larger values (pjetT,min > 100 GeV), the asymptotic expansion starts de-
teriorating significantly also for the matched cross section in figure 11. Therefore, the
uncertainty of the EFT due to mass effects in that region is quite sizable. For comparison,
the deviation of the EFT from the exact curve is 12(30)% for pjetT,min = 100(200) GeV at LO,
see figure 7.
3.6 Distributions of the hardest jet
Finally, let us consider kinematical distributions of the hardest jet. Figure 12 shows the
pT -dependent K-factors K
NLO
k ≡ KNLOk (pjetT,1) of the cross section up to 1/mkt as defined in
eq. (3.3) with variable scales
µF = µR =
√
m2H + (p
jet
T,1)
2 . (3.7)
In the gg-channel, all three K-factors are almost identical. However, the QCD corrections
to the subleading mass terms in the qg-channel behave quite differently to the EFT result
once pjetT,1 & 100 GeV. In the sum of both channels though, the difference remains below
∼ 1.5% for pjetT,1 < 150 GeV, and reaches 6% at pjetT,1 = 300 GeV. Therefore, our results turn
out to be quite similar to what was already found for the pT distribution of the Higgs
KNLOk (p
H
T ) [33], yet the asymptotic behavior is slightly improved for the hardest jet. For
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comparison, we give an updated result for KNLOk (p
H
T ) up to 1/m
4
t in appendix B, which
shows that KNLO4 behaves quite differently in the two cases at high pT .
Note that the 1/m4t corrections are extremely small for p
jet
T,1 . 200 GeV in figure 12. We
conclude therefore that the quality of KNLO2 and K
NLO
4 to approximate the exact top-mass
effects is better than one percent in that region.
The situation for the rapidity distribution of the hardest jet is more involved. The
problem is that in the central region the 1/m4t term receives unjustified large effects from
hard jets, which spoil the convergence of the asymptotic series. Unfortunately, it is not
possible to determine a matched cross section in this case, similarly to what we do for the
inclusive Higgs+jet cross section. Instead, we introduce a cut pjetT < p
jet
T,max which simply
removes the problematic high-pT jets. This cut is of course arbitrary, therefore, we choose
three different values: pjetT,max = 200, 400, 600 GeV.
The contribution to the yjet1 distribution from jets with p
jet
T > 600 GeV should be
completely negligible due to phase-space suppression. Indeed, this is what we observe for
the EFT result, but not for the subleading terms in the 1/mt expansion, see figure 13,
which shows KNLOk ≡ KNLOk (yjet1 ) for pjetT,max = 200, 400, 600 GeV and without cut. Clearly,
the asymptotic behavior in the central region is broken without a cut. It works pretty
well though once we apply an upper cut on the jets. The EFT result is almost identical
(< 0.5%) in the lower two plots and receives no unjustified large effects from high-pT jets.
Therefore, it is legitimate to estimate the quality of the EFT without a cut from the results
for pjetT,max = 600 GeV, which we deduce to be better than 2% in the central region and
even below one percent in the forward region (yjet1 > 2.5).
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In conclusion, the behavior of the K-factors of the hardest jet distributions suggests
that the QCD corrections can be safely calculated in the heavy-top approximation. The
accuracy remains within 1.5% (6%) below pjetT,1 = 150 GeV (p
jet
T,1 = 300 GeV) and for pT -
integrated quantities at the percent level.
4 Conclusions
Finite top-mass effects in the gluon fusion process have been studied. The quality of the
effective field theory to describe the exact cross section was estimated using subleading
terms in 1/mt. They have been evaluated for various jet quantities, namely, the NNLO
cross section with a jet veto, the inclusive Higgs+jet rate at NLO and the NLO K-factors
of jet distributions.
The corrections of a finite top-mass to the jet-vetoed rate are negligible and the quality
of the effective field theory to describe this quantity even at large values of the jet-veto
cut is remarkable. Unjustified large contribution from hard jets were found to spoil the
convergence of the asymptotic expansion in case of the inclusive Higgs+jet cross section.
Only a matching procedure involving the total inclusive cross section allowed for a reliable
prediction of this quantity and the estimation of the mass effects from the 1/mt expansion.
The EFT was then found to be valid even without the matching at the 1-2% level for
jet definitions with a minimal transverse momentum cut lower than 100 GeV. For large
values of the jet pT cut though, the asymptotic expansion of the matched result becomes
unreliable. Therefore, also the uncertainty induced by the EFT is large, deviating by 30%
from the exact result already at LO for a minimal jet cut of 200 GeV.
Also the perturbative corrections to distributions of the hardest jet turned out to
have a rather mild top-mass dependence. For the transverse momentum distribution, the
procedure of correcting the LO prediction including the exact top-mass dependence by
the K-factor evaluated in the EFT provides an excellent approximation to the full NLO
result, valid to better than 1.5(6)% for pjetT < 150(300) GeV. The K-factor of the rapidity
distribution determined in the heavy-top limit was validated at the 1-2% level.
We have checked that our results hold also for different machine energies at the LHC.
The accuracy of the effective field theory approach is better than the uncertainty on the
cross section induced by the PDFs and missing higher order QCD corrections.
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A Other approximations of the jet-vetoed rate
Since the exact top-mass dependence on the jet-vetoed rate is unknown at NNLO, various
approximations can be employed for the cross section prediction. In section 3.4 we apply
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Figure 14. Same as figure 8(b), but for the approximations defined in eq. (A.1). Left/center/right
plot show the ratios Rk(0)/Rk(1)/Rk(2) defined in eq. (A.3).
the effective field theory and account for the exact top-mass effects at LO by the means
of reweighting. This method corresponds to calculating radiative corrections, namely the
K-factor from LO to NNLO, in the effective field theory and multiplying it with the LO
cross section in the full theory. However, the full top-mass dependence is known through
NLO and therefore, we may employ it to determine the jet-vetoed rate at NNLO.16
In this appendix we consider the following approximations of the jet-vetoed rate
at NNLO:
σNNLOveto,k (i) ≡ σNLO
′
veto + κi ·
([
σNNLOveto
]
1/mkt
−
[
σNLO
′
veto
]
1/mkt
)
, (A.1)
where
κ0 = 1, κ1 = σ
LO
veto/
[
σLOveto
]
1/mkt
= σLO/
[
σLO
]
1/mkt
, κ2 = σ
NLO′
veto /
[
σNLO
′
veto
]
1/mkt
. (A.2)
In fact, using κ2 in eq. (A.1) corresponds to calculating the K-factor from NLO to NNLO
in the effective field theory and multiplying it with the NLO cross cross section in the
full theory.
In figure 14, we study the mass effects on the jet-vetoed cross section in the various
approximations (i = 0, 1, 2) of eq. (A.1) by considering the ratio
Rk(i) = σ
NNLO
veto,k (i)/σ
NNLO
veto,0 (i). (A.3)
16We thank the referee for this suggestion.
– 16 –
J
H
E
P
1
1
(
2
0
1
4
)
1
5
0
gg gq gg+gq
s = 13TeV
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
pT
H  [GeV]
K
Top−Expansion
O(1 mt
0)
+ O(1 mt
2)
+ O(1 mt
4)
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KNLOk ≡ KNLOk (pHT ).
These plots correspond to figure 8(b), where we used the LO-reweighted effective field theory
result for the jet-vetoed cross section. Clearly, in terms of mass effects the approximation
used in the left plot (i = 0) is considerably worse than the other two. The mass effects
are at the level of 1-2% in this case. This is expected, since in general the heavy-top limit
works better to describe radiative corrections than the absolute cross section, which is used
for the NNLO contribution in the κ0-approximation. This is substantiated by the fact that
applying the same procedure at NLO the mass effects turn out to be larger as well.
Considering the κ1- and κ2-approximation in figure 14, i.e., the center and right plot,
respectively, the conclusions are very similar to what has been found in section 3.4: the
mass effects are extremely small (< 0.5%) for jet-veto cuts up to 600 GeV. Actually, the
behavior is even slightly better than for our default approximation in figure 8(b), which
stems from fact that in the approach at hand the full cross section is taken into account
up to the NLO.
Finally, we checked that the absolute values of the jet-vetoed cross section in the
various approaches considered in this paper at NNLO differ by less than 1%, once mass
effects are correctly accounted for.
B Higgs pT distribution
For completeness, we update the results of ref. [33] for the K-factors of the transverse mo-
mentum distribution of the Higgs KNLOk (p
H
T ), see figure 15. The factorization and renor-
malization scale are set to the transverse mass of the Higgs
µF = µR = m
H
T =
√
m2H + (p
H
T )
2 . (B.1)
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Additionally to ref. [33], we determine the K-factor expanded up to 1/m4t . Our result
perfectly confirms the conclusions drawn in that paper, since K4 lies just right between K0
and K2 for most transverse momenta.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
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